A supersonic coaxial jet facility is designed and experimental data are acquired suitable for the validation of CFD codes employed in the analysis of high-speed air-breathing engines. The center jet is of a light gas, the coflow jet is of air, and the mixing layer between them is compressible. The jet flow field is characterized using schlieren imaging, surveys with pitot, total temperature and gas sampling probes, and RELIEF velocimetry. VULCAN, a structured grid CFD code, is used to solve for the nozzle and jet flow, and the results are compared 1o the experiment for several variations of the k -r_ turbulence model.
INTRODUCTION
Computational fluid dynamics (CFD) codes are extensively employed in the design of high-speed air breathing engines. CFD based on the Reynolds averaged Navier-Stokes equations utilizes models for the turbulent fluxes which employ many ad hoc assumptions and empirically determined coefficients.
Typically, these models cannot be applied with confidence to a class of flow for which they have not been developed and tested. An experiment is conducted to provide data suitable for code development and testing. Results are compared to CFD solutions obtained by VULCAN, a previously developed code used in engine analysis. The geometry chosen for the study is that of a coaxial jet discharging into stagnant laboratory air, with center jet of a light gas (a mixture of 5% oxygen and 95% helium by volume) and coflow jet of air. The exit flow pressure for both coflow and center-jet nozzles is I atmosphere.
The presence of oxygen in the center jet is to allow the use of an oxygen flow-tagging technique (RELIEF 2) to obtain non-intrusive velocity measurements. Both jets are nominally Mach 1.8, but because of the greater speed of sound of the center jet, its velocity is more than twice that of the coflow. The two stream mixing layer which forms between the center jet and the coflow near the nozzle exit is compressible, with an average of the calculated convective Mach number 3 of the center jet relative to the mixing layer and that of the mixing layer relative to the coflow, M,., of 0.7. This geometry has several advantages: The streamwise development of the flow is generally dominated by turbulent stresses (rather than pressure forces), and thus calculations are sensitive to proper turbulence modeling. It includes features present in supersonic combustors, including a high convective Mach number mixing layer near the nozzle exit, and a plume of light-gas/air mixture downstream.
Since it is a free jet, it provides easy access for both optical instrumentation and probes. 
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formed at the nozzle exit strengthen and turn normal as they approach the axis, complicating the flow. Care is thus taken in the design of the facility to provide as near as possible to I-D flow at the exit of both center and coflow nozzles, and to minimize the strcngth of waves generated at the nozzle exit.
This experiment has been adopted by a working group of the NATO Research and Technology Organization as a test case for their CFD development and validation activity. Additional calculations have been presented, 4 using the SPARK code, and Cebeci-Smith turbulence model for the nozzle boundary layers and Eggars model for the jet mixing region.
FLOW FACILITY
The coaxial jet assembly is shown in Figure 1 . It is axisymmetric and consists of an outer body and a center body. The passages formed by the space between these bodies, and by the interior passage of the center body, are nozzles designed by the method of characteristics to produce 1-D flow at their exit. Many details of this assembly have been previously described 5"6
The nozzle assembly is joined to the Transverse Jet Facility, located in the laboratories of the Hypersonic Airbreathing Propulsion Branch at NASA Langley Research Center. The plenum of this facility contains porous plates for acoustic dampening and screens for flow conditioning.
Air is provided to the facility from a central air station, and the helium-oxygen mixture is provided to the center body from a bottle trailer containing premixed gas. The assembly is instrumented with pressure taps: one in the center body just downstream of the screens, one in the facility plenum, and one in the outer N)dy near the exit of the coflow nozzle (in a region where the flow has reached iis exit condition). Table 2 , and also shown in Figure 5 .) References 5 and 6 give details of these measurements.
Survey probe tips are cylindrical and cut square, with outside/inside diameters respectively of the pitot probe 0.64 ram/0.36 mm, and of both the gas sampling probe and total temperature probe 1.27 mm/0.76 ram. The gas sampling probe and tubing internal diameters are sized to avoid choking the sample gas flow, ensuring shock attachment at the probe tip. The total temperature probe is a miniature shrouded, vented thermocouple. The probe incorporates a commercial microminiature thermocouple junction at the tip of a 0.20 mm diameter "needle". Errors in pitot pressure due to pressure transducer error are +_0.5%. Error in total temperature due to thermoeouple error is e2 K. In addition, the total temperature probe is found to read about 1% low, due to incomplete stagnation of the flow at the sensor and/or radiation losses.
The mole fraction of the center-jet gas (i.e., the He-02 mixture) in the gas withdrawn from the flow, )_, is found in real time by a hot-film probe based systemk
The largest contribution to the uncertainty of the system is the manufacturer-quoted +_1% of full scale in the mass flow controller used to provide a helium-oxygenair mixture to calibrate the system. Maximum uncertainty in mole fraction of helium-oxygen is in the range ± 1-1.5%, but uncertainty is less than this for mole fractions close to 0.0 or 1.0 where uncertainty in the composition of the calibration mixture approaches zero.
The probes were mounted in a diamond-airfoil strut, and translated in the flow by a two-component stepping-motor driven translation stage. Probe "zero" location was determined using machined fixtures mounted to the nozzle exit (conical extension cap removed). Surveys were conducted across a diameter of the flow. Analysis of the data to find the best-fit center showed it to be within 0.4 mm (95% of the time) of the measured center. Thus, probe surveys are taken to pass through the axis of the jet _+0.4 mm. Survey data presented have been shifted (by less than _+0.4 mm) so that thc best fit center lies at y=0. Resulting data are found to bc almost perfectly symmetrical.
In addition to these "conventional" techniques, the RELIEF _ ( The calculation was performed on a structured grid generated by a separate, commercial code. There are a total of 188,080 ceils, distributed among five blocks, as illustrated in Figure 2 represented byblack, and Machnumbers of2.25or above bywhite. Although thecontour levels arenot labeled, theresults may bequalitatively compared to theschlieren. Thewaves seen radiating fromthecenterjetnozzle lipin theschlieren arefoundinthe calculation, though arenotfullyresolved. A more detailed inspection shows that asthewave fromlhe center-jet nozzle intersects theaxisitforms anormal sh_vck. This results in a slight deficit in pitot pressure at the axis, which is visible downstream of the shock in both CFD and experiment. This deficit persists as far downstream as x=100 mm before it is obscured by the mixing of the coflow into the center jet. The range ofy in the plots does not correspond to the full range of the data or of the calculation, but is truncated to show more clearly the regions of interest.
In these Figures, y is given in m.
It may be seen in Figure 6 spreading is underpredicted and calculated pitot pressure appears discontinuous in slope. Moving further out from the axis, a similar underprediction of the spreading rate of the mixing layer between coflow and ambient surrounding, and discontinuity in slope, may be seen.
Comparisons
between experimental and calculated total temperature at Plane 9 (the only location this type of data were acquired) are shown in Figure 9 . The experimental data at the axis and in the coflow are both about 1% below the known supply gas temperatures, due to previously discussed probe error. Moving out from the axis, the data initially rise above the center-jet supply gas temperature and then fall below the coflow jet supply gas temperature+ In order to obtain the best agreement, this calculation used the experimentally measured supply gas temperatures of thai particular run, rather than the average temperature over many runs, as used in all other calculations.
(As may be seen in Table   1 , gas supply temperatures varied substantially from run to run.) Given that the total temperature probe reads in error roughly 1% low, the calculation agrees well with the experiment, reproducing both overshoot and undershoot. Figure 10 shows the pilot pressure for Cases A, C, and F at Plane I, in the vicinity of(the wake of) the nozzle lip. Cases B, D, and E were omitted since there was no effect of the compressibility correction or of Pr,
and So, at Plane 1(they were the same as A). By comparison of A and C it may be seen that Pope's modification slightly reduces the wake width. Cases C and F, which utilized respectively the Boussinesq eddy viscosity approximation and explicit algebraic stress model, were almost identical. Note that there were no significant differences between any of the Cases in the freestream of either the center jet or coflow. Figures 13 and 14 show the effect of increasing the turbulent PrandtI and Schmidt numbers from 0.75 (E) to 0.9 (B) to 1.0 (Case D). The spreading of the center jet as seen in the profiles ofz is reduced while the spreading as seen in profiles of pitot pressure is increased. In other words, the axis value of)_ is increased while the axis value of pitot pressure is reduced. There is of course, no effect on the coflow/ambient mixing layer. T,,,,,JT,.,,,fl,,, 
AIAA-2001-0143
American Institute of Aeronautics and Astronautics
